Control of isoleucine-valine biosynthesis was examined in the cold-sensitive hisW3333 mutant strain of Salmonella typhimurium. During growth at the permissive temperature (37°C), the isoleucine-valine (ilv) biosynthetic enzyme levels of the hisW mutant were two-to fourfold below these levels in an isogenic hisW+ strain. Upon a reduction in growth temperature to partially permissive (30°C), the synthesis of these enzymes in the hisW mutant was further reduced. However, synthesis of the ilv enzymes was responsive to the repression signal (s) caused by the addition of excess amounts of isoleucine, valine, and leucine to the hisW mutants. Such a "super-repressed" phenotype as that observed in this hisW mutant is similar to that previously shown for the hisU1820 mutant, but was different from the regulatory response of the hisT1504 mutant strain. Moreover, by the use of growth-rate-limiting amounts of the branched-chain amino acids, it was shown that this hisW mutant generally did not increase the synthesis of the ilv enzymes as did the hisW+ strain. Overall, these results are in agreement with the hypothesis that the hisW mutant is less responsive to ilv specific attenuation control than is the hisW+ strain and suggest that this limited regulatory response is due to an alteration in the amount or structure of an element essential to attenuation control of the ilv operons.
In both Escherichia coli and Salmonella typhimurium, the regulation of isoleucine, valine, and leucine biosynthesis is complicated by the existence of shared enzymes for the biosynthesis of isoleucine and valine, the existence of a branch from the ilv pathway leading to leucine biosynthesis ( Fig. 1) , and the usage of a multivalent control process dependent upon the supply of all three branched-chain amino acids, isoleucine, valine, and leucine (7, 17, 32) . The structural genes for the isoleucine and valine biosynthetic enzymes are organized into the ilvGEDA, ilvB, ilvC, and ilvHI operons (2, 15, 28) . In S. typhimurium, the ilvG codes for valine-resistant acetohydroxy acid synthase (AHAS) II, which is not expressed in ilvG+ (lvG-ValS) E. coli K-12 strains due to a site of polarity within this gene (19, 32) . In both organisms, the ilvB gene specifies a valine-sensitive AHAS (AHAS I) and the ilvHI cluster encodes a second valine-sensitive AHAS (III) whose formation is controlled by leucine alone (13, 30) . Control of the expression of ilvC is achieved by induction by either of its substrates, alpha-acetolactate or alpha-acetohydroxybutyrate (1, 25) as mediated by the ilvY gene product (33) . The results of several DNA sequencing and protein analysis studies indicate that the ilvGEDA operon is regulated by an attenuation mechanism requiring the participation of each of the aminoacylated branchedchain amino acid tRNAs in both E. coli and S. typhimurium (4, 20, 23) .
As regards the involvement of tRNAs in the regulation of amino acid biosynthesis, several classes of histidine regulatory mutants of S. typhimurium have been identified (27) . Three of these classes of mutants, hisT (9) , hisU (8, 10, 11) , and hisW (6) , have been shown to have pleiotropic regulatory properties, i.e., alterations in the regulation of synthesis of branchedchain amino acids and of histidine biosynthesis. Interestingly, all three classes, hisT, hisU, and hisW, exhibit substantially increased synthesis of the histidine enzymes (7, 8) . However, these mutations confer different regulatory responses in the ilv system. Specifically, the hisT mutation renders synthesis of the ilv enzymes nonresponsive to excess branched-chain amino acids signals (9); although the hisU1820 and hisW3333 mutants exhibit a severalfold reduction in the levels of the ilv enzymes when grown in minimal glucose medium, synthesis of these enzymes is still subject to the excess branched-chain amino acid-mediated control signals (6, 10 Table 1 .
Media. The minimal medium used was the basal salt solution of Fraenkel and Neidhardt (16) . This solution consisted of 50 mM Na2HPO4, 100 mM KH2PO4, 0.1 mM CaCl2, and 1 mM MgSO4 at pH 6.5, to which 0.2% (NH4)2SO4 and 0.4% glucose were added as nitrogen and carbon sources, respectively. When required, amino acid supplements of the L-form were added at a concentration of 100 pg/ml. To achieve limitation of the growth of auxotrophic strains by branched-chain amino acids, we supplemented the minimal medium with growth-rate-limiting amounts of the dipeptides glycyl-DL-isoleucine, glycyl-DL-leucine, and glycyl-DL-valine. From 8 to 10 ,ug of the dipeptides per ml was sufficient to limit the growth of the various auxotrophic strains to 40 to 60%o of normal growth. When (14) .
Isolation of isoleucine-valine and leucine auxotrophs. Isoleucine-valine and leucine auxotrophic derivatives of the hisW and normal strains were isolated by mutagenesis with ethyl methane sulfonate (EMS), followed by penicillin selection as previously de 
RESULTS
Effect of the hisW3333 mutation on synthesis of the isoleucine-valine biosynthetic enzymes. Control of isoleucine-valine biosynthesis was examined in the cold-sensitive hisW mutant strain (JL250) and an isogenic hisW+ strain during growth in minimal medium at 37°C, the permissive growth temperature for the hisW mutant. Synthesis of the isoleucine-valine biosynthetic enzymes in the hisW mutant was reduced below that observed for the hisW+ strain ( Table 2 ). This result is in substantial agreement with the previous findings for this hisW mutant (6) and parallels those reported by Davidson and Williams for one hisU mutant strain (10) . Specifically, during growth at the permissive temperature this hisW mutant formed valine-resistant forms of AHAS, transaminase B, dihydroxy acid dehydrase, TD, and valine-sensitive AHAS; the ilvGEDA and ilvB gene products, were formed at two-to threefold-reduced levels, respectively, as compared with their levels in the normal strain grown under identical conditions (Table  2) . Furthermore, when the growth temperature was lowered to 30°C, a partially restrictive temperature, there was a further reduction in the expression of ilvGEDA and ilvB in the hisW mutant, whereas the expression of these ilv genes in the normal strain was essentially unaffected (Tables 2 and 3 ). Thus, the hisW3333 mutation caused a reduction in the rate of synthesis of the ilvGEDA and ilvB gene products at both the permissive and partially restrictive temperatures. The latter growth condition (30°C) would have occasioned increased expression of the hisW mutation owing to its cold-sensitive nature (Table 3) . Table 2 , footnotes a, b, and e for media and enzyme abbreviations and explanation of growth temperatures, respectively.
b Relative specific activities were determined from the data shown in Table 2 . The specific activities of the enzymes in the mutant are expressed relative to those in the wild type (wild type levels equal 1.0).
Repression of formation of the isoleucine-valine biosynthetic enzymes in the hisW strain. Repression of synthesis of the ilv biosynthetic enzymes is mediated by the branched-chain amino acids isoleucine, valine, and leucine. Significantly, two of the classes of histidine regulatory mutants of S. typhimurium exhibit contrasting ilv control responses upon imposition of repressing growth conditions. The hisT mutant strains, which exhibit increased levels of the ilv enzymes in minimal medium, do not respond to the repression control signal occasioned by the addition of excess amounts of isoleucine, valine, and leucine (26) . Conversely, hisU mutant strains that possess super-repressed levels of the ilv enzymes during growth in minimal medium are immediately and fully responsive to the repression control signal (10) . It was therefore of interest to ascertain whether this hisW mutant would respond to the branched-chain amino acid-mediated repression. Synthesis of the ilv enzymes was repressible by isoleucine, valine, and leucine, and a temperature transition from permissive to partially restrictive did not alter the ability of the hisW mutant to respond (Tables  2 and 3 ). This repression response decreased the already low ilv enzymes to a level lower than that observed for any normal strain under similar growth conditions. It is particularly noteworthy that during growth at 30°C the total AHAS activity (AHAS measured in the absence of valine) was the activity most responsive to the repression signal in both the normal and mutant strains (i.e., a three-to fivefold reduction in this activity upon the transition from minimal medium to medium supplemented with isoleucine, valine, and leucine (Tables 2 and 3) . Interestingly, the hisW mutation promoted differential effects on the synthesis of the ilv gene products; specifically, the reduction in the level of expression of the ilvG, UivE, ilvD, and ilvA gene products parallels that of the structural gene order (i.e., ilvGEDA), in which the i)vE gene product was reduced most substantially (Tables 2 and 3) . Furthermore, the decrease in total AHAS activity was primarily due to the reduced synthesis of the ilvG gene product, valine-resistant AHAS II ( Table 2) . Overall, this super-repressed phenotype is entirely consistent with that observed in hisU mutants but in distinct contrast to the nonrepressibility of ilv expression observed in hisT mutants.
As each of the branched-chain amino acids or some product thereof functions as a coregulator in the control of expression of the ilv biosynthetic operons, the participation of all three of the branched-chain amino acids in this control process has been termed multivalent control (17, 32) .
It was therefore important to conduct an assessment of the relative contribution of individual branched-chain amino acids to the control of ilv synthesis in the hisW mutant and normal strains. The individual amino acids were unequal in eliciting control of ilv enzyme formation in the normal strain; leucine was the most effective and isoleucine was the least effective (Tables 4 and   TABLE 4 5). Conversely, although the hisW mutant strain maintained its super-repressed phenotype under both permissive and partially restrictive growth conditions, it exhibited only slight changes in the enzyme levels in response to particular branched-chain amino acid supplements (Tables  4 and 5 ). Similar results have been reported for a hisU1820 strain as compared with its isogenic wild-type strain (10) . As expected, a reduction in the growth temperature resulted in a further decrease in enzyme levels in the hisW mutant, whereas in the wild type enzyme levels were only slightly affected by the growth temperature transition ( Table 5) .
Derepressibility of ilv biosynthetic enzymes in the hisW3333 strain. In view of the observation that this hisW mutant responds to the repression control signal, the ability of this mutant to derepress the synthesis of ilv enzymes was determined by the use of appropriate auxotrophic derivatives to impose specific amino acid limitations. Derepressed synthesis of ilv enzymes was measured in cultures subjected to glycylbranched-chain amino acid dipeptide-mediated growth restrictions for isoleucine, valine, and leucine (Table 6 ). Valine limitation resulted in a fourfold derepression of TD as compared with an approximately sixfold derepression of TD in the wild-type strain. Significantly, isoleucine limitation resulted in only a 2.5-fold derepression of TD in the hisW mutant, as compared with a fivefold derepression response observed in the wild-type strain. The results obtained under leucine limitation showed essentially no difference between the mutant and wild type. In both instances, there was approximately a threefold derepression of TD formation (Table 6 ). The derepression response of total AHAS activity, unlike that of TD, was the same for the mutant and wild type limited for either of the branchedchain amino acids. AHAS activity, however, is complicated by the expression of at least three separate AHAS genes whose expressions are not controlled in the same fashion (3, 12, 24) . Overall, the results (Table 6 ) indicate that this hisW mutant retained the capacity to derepress the formation of the ilv enzymes during limitation of the supply of each of the branched-chain amino acids. The overall repression-derepression patterns of the ilv operons of the hisW mutant and normal strains are shown in Fig. 2 . This schematic representation is derived from the data shown in Tables 2, 3, and 6. As shown in Fig. 2 , it is evident that the hisW mutant is unable to respond to these regulatory effectors as efficiently as does the normal strain.
DISCUSSION
In this paper, we report that the hisW3333 mutation confers a super-repressed phenotype for the ilv biosynthetic enzymes; i.e., when the hisW mutant was subjected to repressing growth conditions, the already low ilv biosynthetic enzymes were reduced an additional two-to threefold (Table 2) . However, the hisW mutant was able to derepress synthesis of the ilv enzymes under branched-chain amino acid limitation, although not to the same extent as the hisW+ strain. Thus, the overall repression-derepression responses of the hisW mutant were reduced relative to the standard wild-type responses (Fig. 2) .
These results suggest that some regulatory element for ilv control is altered in the hisW mutant. Presumably, such a regulatory element serves a critical role in attenuation control of ilv expression, and branched-chain tRNAs are likely candidates for such a role (7). In hisT mutants, alterations in some leucyl-tRNA-isoaccepting species occur simultaneously with altered control (de-attenuation) of isoleucine-valine biosynthesis (9, 26, 29) . Similarly, some hisU strains have reduced amounts of branched-chain tRNAs and altered (increased attenuation) ilv control (5, 7, 10) . Upon examination of the branched-chain tRNAs of the cold-sensitive hisW strain, we observed that the amounts of several leucyl-tRNA-isoaccepting species were reduced (data not shown). As for the hisU strain characterized by Bossi et al. (5) , our analysis of the hisW3333 mutant implies that altered control of ilv results from a general reduction in the amount of total tRNA and, therefore, a reduction in the specific regulatory species of branched-chain tRNAs. In support of this suggestion, we present evidence in the accompanying paper (lla) that the his W3333 gene alters the normal pattern of accumulation of stable RNA species, including tRNAs.
We suggest that the observations reported for this hisW mutant can be accommodated by the hypothesis of multivalent attenuation control of expression of the ilv operons (19, 23) . Specifically, translation of the leader mRNA transcript into a 32-residue polypeptide is dependent upon an adequate supply of aminoacylated branchedchain tRNAs for the multiple-control codons (i.e., sets of tandem codons for each of the branched-chain amino acids). In this coupled transcription-translation process, the formation of alternative configurations of leader mRNA (stem-and-loop structures) in the terminator, preemptor, and protector regions would be governed by ribosome movement. With the assumption that the basal level of expression of the ilv operons during growth of the hisW+ strain in the presence of excess amounts of the branchedchain amino acids represents ribosome pausing optimal for attenuation, the increased attenuation observed in the hisW mutant is due to a decrease in ribosome pausing. Thus, we suggest that increased attenuation control of the ilv operons in this hisW mutant is caused by altered branched-chain tRNAs that decrease the ribosome pause time at ilv-specific leader codons.
Conversely, we are unable to rule out the possibility that an increase in a negative element for ilv control might also account for the regulatory alterations observed in the hisW mutant. Such an effector would not be a classical JacobMonod repressor molecule, as no such regulatory element has been found for ilv control. Although TD is thought to function in ilv control as either a positive or negative effector (32) , an alteration in this ilv enzyme does not account for the other pleiotropic effects of this mutation, such as de-attenuation of histidine biosynthesis and alterations in the synthesis/accumulation of stable RNA species.
